Velocity fluctuations at 1 m and 5 m below pack-ice drifting at an average speed of 15 cm s -1 are analyzed to describe the conditional statistics of Reynolds stress in the under-ice boundary layer under melting conditions. The fractional contributions to the Reynolds stress show that ejection and sweep events dominate over interaction events. The sweeps are found to be more intense close to the boundary where the third and higher order moments are most pronounced. Third order cumulant expansions are found to describe the conditional Reynolds stress statistics reasonably well. Existing models for the turbulent kinetic energy transport term using cumulant expansion methods capture the effect of observed increase in the friction velocity with depth.
Introduction
In turbulent boundary layers, coherent structures with large flux events have been proposed to explain the "bursting" phenomena responsible for most turbulence production, hence mixing, through two types of organized eddy motions recognized as "ejections" and "sweeps" [see Cantwell, 1981; Robinson, 1991, for reviews] . These events are traditionally detected by conditional sampling through quadrant analysis [Willmarth and Lu, 1972] and their statistics have been investigated for a variety of flow and wall-roughness conditions (e.g., experiments in open-channel [Nakagawa and Nezu, 1977, NN77 hereafter] , wind-tunnel [Raupach, 1981] , stable [Gao et al., 1989] and unstable [Katul et al., 1997b ] atmospheric boundary layers, and open-channel suspension flow [Hurther and Lemmin, 2003] ). Besides the dominant role of the sweeps close to a rough wall, an "equilibrium region" is often, albeit not always [Krogstad et al., 1992] , observed in fully-developed turbulent flows in which the statistical properties of the two mechanisms are independent of the wall roughness over a significant portion of the flow. Direct relations established between the bursting events and the turbulent energy budget via turbulent diffusion [NN77] and a simple, but successful, structural turbulence model for triple products of velocity and scalar [Nagano and Tagawa, 1990 ] make the quadrant analysis an attractive tool.
Under-ice boundary layer [McPhee and Morison, 2001 ] is nearly always a zone of turbulent shear-flow between the ice and the underlying undisturbed ocean. Direct measurements of turbulent fluxes under drifting pack ice [e.g., McPhee, 1992; McPhee and Martinson, 1994] have provided a relatively comprehensive view of the associated turbulent processes, but as far as we know, conditional statistics for the Reynolds stress under drifting ice have not been previously examined. In this work we do so, in order to compare with existing theory and with other boundary layer studies. The extension of this work to scalar (salt and heat) turbulent fluxes is the topic for an ongoing companion paper and will be reported elsewhere.
Site and measurements
Under the Winter ARctic Polynya Study (WARPS), the German icebreaker FS Polarstern was moored to a large ice floe. During 1-2 April 2003, one vertical mast comprising two turbulent instrument clusters (TICs), nominally at 1 m and 5 m below the ice, was deployed from a hydrohole on pack ice drifting at an average speed of 15 cm s -1 in the 
Quadrant analysis
The method and the related theory are summarized briefly for completeness (see The stress fraction [Raupach, 1981] for quadrant i is defined by the flux contribution to uw from the corresponding quadrant as S i,H = {uw} i,H /uw. Because uw < 0, S 1,H , S 3,H < 0 and S 2,H , S 4,H > 0, and for H = 0, S 1,0 +S 2,0 +S 3,0 +S 4,0 = 1.
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NN77 derived the conditionally sampled probability density functions (pdf) of normalized Reynolds stress,  = uw/ uw, from a high-order cumulant discard GramCharlier pdf as 
Results and discussion
The data recovered from each TIC were divided into 15-min realizations, and the mean longitudinal velocity was aligned along the mean horizontal velocity direction, i.e., v = w = 0. Fluctuation time series were obtained by linearly detrending each segment. Over a total of 53, 42 segments were chosen when turbulence was fully-developed and the signal strength was well above the background noise with  > 3.5x10 -5 m 2 s -2 . As a result, 7.6x10
Ensemble-averaged quantities that describe the experiment are listed in Table 1 . The correlation coefficient, -R, increases slightly with distance from the wall. The mean temperature at both levels is 1C above the freezing point referenced to the surface.
Dissipation rate of turbulent kinetic energy (TKE) per unit mass, , and the vertical mixing length scale, , derived from the inertial subrange and the peak of the variance-preserving w spectra, respectively [McPhee, 1994] ejection and sweep contributions is apparent, whereas at 5m, the measured ejection-sweep stress fraction is not significantly different from correlated joint Gaussian within 90%
confidence. This indicates that, at 5 m, the third and higher order moments are relatively less significant and function  -() in Eq. 2 is negligible. The difference S H = S 4,H -S 2,H between the stress fractions due to sweeps and ejections is two times larger at 1 m than at 5 m for H  15. The value of this parameter at H = 0, i.e., S 0 , and the skewness S u and S w are reported to be approximately proportional [Raupach, 1981] . This has significant impact in understanding the behavior of the TKE flux, F TKE = ½ w(u 2 +v 2 +w 2 ), which is related to S 0 through F TKE = c 1 S 0 (c 2  u 2  w +c 3  w 3 ) where c's are constants [Raupach, 1981] . The transport term in the TKE balance, -F TKE /z, will yield local TKE loss when positive values of S 0 (sweeps dominate) decrease with distance from the wall [Raupach, 1981] . between F TKE and S 0 indirectly suggests that  u and  w remain independent of depth at the measured z/h range, which is correct within 15% in our data set.
Assuming that contribution of S u and S w to S 0 is negligible, Katul et al. [1997a] and Poggi et al. [2004] Eq. 3 which is 2.5 times that obtained using the definition of  z with the measured a  0.29.
We note that the mixing length inferred from spectral analysis (Table 1) , open channel oil [Brodkey et al., 1974] and for atmospheric surface layer over tallnatural grass surface [Katul et al., 1997b] .
The ensemble-averaged pdf of the normalized Reynolds stress (Figure 3 ) agrees favorably with the theory, p()=2p G () calculated using R given in Table 1 . The long tails of the p() emphasize the intermittency as evidenced by Figure 1 . We further calculated the conditional pdf from measurements and contrasted to that derived from Eqs. 1-2 (Figure 4 ).
Particularly at 1 m, despite having a lower peak, sweep events have larger values for H > 8, suggesting a larger contribution to the Reynolds stress. The theoretical curves again represent the measurements reasonably well. Discrepancies at large H can be attributed to the limited (third) order moments implemented in the theory.
Subsequently we conclude that the non-conditional and the conditional uw-covariance statistics under drifting ice can be reasonably well represented by a second order pdf and a third order cumulant discard Gram-Charlier distribution, respectively, in agreement with earlier pioneering work [Lu and Willmarth, 1973; NN77] under sea ice and a fairly vast data set is available) where the stress increases with distance from the boundary. In this aspect there is similarity with turbulent flow within and above canopies [Raupach and Thom, 1981] where the elements of the canopy generate turbulent wakes at length scales characteristics of the canopy elements. The relations established for canopy flows are shown to capture the salient features resolved by our observations; however future work is merited to examine the TKE budget in the under-ice boundary layer. 
